Abstract: By restricting the dilated deformation, surface modification can stimulate multiple shear banding and improve the plasticity of bulk metallic glasses (BMGs). Aimed at modifying the surface of BMGs by thin layers, a crystalline Ni coating with ultrafine grains was coated on the surface of a Ti-based BMG by electroless plating. With a thickness of about 10 µm, the prepared thin coating could effectively limit the fast propagation of primary shear bands and stimulate the nucleation of multiple shear bands. As a result, the compression plasticity of the coated Ti-based BMG was improved to about 3.7% from near 0% of the non-coated BMG. Except for a small amount of Ni coating was adhered to the BMG substrate after fracture, most of the coatings were peeled off from the surface. It can be attributed to the abnormal growth of some coarse grains/particles in local region of the coating, which induces a large tensile stress at the interface between the coating and the BMG substrate. It is suggested that, for electroless nickel plating, improving the adhesive bonding strength between the coating and the substrate has a better geometric restriction effect than simply increasing the thickness of the coating.
Introduction
Titanium-based bulk metallic glasses (BMGs) are rapidly developing glassy alloy systems in recent years due to the requirement of lightweight metals in modern industries [1] [2] [3] . The specific strength values of Ti-based BMGs are universally over 3.5 × 10 5 N m kg −1 , which is significantly higher than the typical titanium alloy Ti-6Al-4V (2.6 × 10 5 N m kg −1 ) [4, 5] . Ti-based BMGs also have many other outstanding properties, including good corrosion resistance [6, 7] , good biocompatibility [8] [9] [10] , and good glass-forming-ability (GFA) [11, 12] , having potential applications in the fields of consumer electronics, automotive, biomedical devices, aerospace, and so on [13, 14] . However, some Ti-based BMGs, especially the alloys with compositions within the range of best GFA in each alloy system, often show brittle deformation behaviors and the compression plasticity at room temperature is poor. For example, among Ti-Zr-Be-Fe-Cu BMG alloys, the GFA of Ti 37.31 Zr 22.75 Be 25.48 Fe 5.46 Cu 9 BMG is the best one, and the critical size of as-cast rod with full glassy structure is >32 mm in diameter, but its plasticity is relatively poor (less than 1%) [12] . If the Cu or Fe content of Ti-Zr-Be-Fe-Cu alloys changes (so-called alloying), then the plasticity would be greatly improved but the GFA would be obviously decreased [12, 15, 16] . For high strength structural materials, certain plasticity usually is required not only for mechanical property, but also for service safety [17] . Therefore, how to improve the plasticity is a challenge in Ti-based BMGs for further applications.
Surface modification is an effective method to extrinsically improve the plasticity of BMGs [18] . On the one hand, surface modification technologies, including shot peening [19] , surface mechanical attrition treatment (SMAT) [20] , magnetron sputtering [21] , laser processing [22] , and conventional electroplating [23] , or electroless plating [24] , and so on, would make residual compression stresses on the surface of BMGs, affecting the shear banding processes, including the shear band nucleation and the shear band propagation [25, 26] . In 2007, Li et al. firstly deposited a Ni-15% Fe coating on the surface of a Zr-based BMG by electroplating, and the compression plasticity of the deposited BMG was improved from about 1.1% to~2.0% [23] . Yu et al. used Cu tubes as geometric constraints to improve the plasticity of a Zr-based BMG, hereafter, the surface modification strategy was often called geometric constraint method [27] . Following similar strategy, Qiu et al. used electroplating to coat Zr-based BMG with Cu coating, and found that the thicker coating shows greater toughening effect [28] . Then, the thickening of the coating become the focus in such studies, stimulating the development of Cu/Ni composite coating [29] . As the Cu coating reached 160 µm or more, the coating did not even break after the failure of the coated BMG sample [30] . However, the weight of the coated sample would be increased with thick coatings, which must be disadvantageous to the lightweight development of BMGs. Therefore, the thin coating or lightweight coating should be taken for granted. It is known that electroless Ni coating generally is thinner than the electroplating Ni coating, meanwhile, the mechanical properties of the coating can be controlled by turning the chemical composition or the grain size [31, 32] . For sufficient geometric constrain, the thickness of electroless Ni coating may not need a large value. For example, the plasticity of Fe-based BMGs can be significantly improved by a very thin electroless Ni coating (~6 µm) [24] . So far, electroless Ni plating has been used in Zr-based [33] , Fe-based BMGs [24] , and high entropy alloy [34] , not yet in Ti-based BMGs.
In the present work, a Ti 37. [12] was coated with thin Ni coating by electroless plating. The microstructure of the Ni coating and the effect of the coating on improving the plasticity of Ti-based BMG were investigated.
Materials and Methods

Preparation of BMG Rods
For preparing the BMG with nominal composition of Ti 37 [12] , high purity materials, including Ti (99.4 wt. %), Zr (99.7 wt. %), Be (99.9 wt. %), Cu (99.99 wt. %), and Fe (99.9 wt. %) were melted together by arc melting under high purity Ar protection. In order to ensure the homogeneity of the master alloy, the ingots were upside down and re-melted for at least four times. Then, the ingots were re-melted by induction melting in a quartz tube and injected into a copper mold with a cavity of 2 mm in diameter and 100 mm in height. This technology is so-called injection casting and the schematic diagram of the used equipment was shown elsewhere [35] . The as-cast rod was broken to two parts from the middle region, one part was used for electroless plating and the other one was used for comparsion. The amorphous structure of the as-cast sample were confirmed by an X-ray diffractometer (XRD, Bruker D8 Advance; Bruker, Karlsruhe, Baden-Württemberg, Germany) at a scaning rate of 8 • /min, using Cu Kα target.
Preparation of Electroless Ni Coating
For electroless plating, the detailed technology follows the route displayed in Figure 1 . Firstly, the as-cast rod was ground with fine sandpaper #2000 using a small slow lathe, for removing the casting defects and oxide layers. Then, the rod was cleaned with acetone under ultrasonic treatment for 15 min. Secondly, for the coarsing treatment by acid pickling, the cleaned sample was immersed in a 5% HF aqueous solution and was kept for 2 min to roughen the surface. Thirdly, the roughened samples were sensitized in a solution with a composition of HCl 40 mL/L and SnCl 2 30 g/L for about 20 min (unless otherwise specified, chemical reagents that are used in this work are analytical reagents). Fourthly, the re-cleaned samples were immersed in an activation solution (PdCl 2 0.5 g/L, HCl 60 mL/L) for 20 min to pre-plate a very thin Pd layer on the surface of the BMG rod. Finally, after cleaning by a reducing agent (NaH 2 PO 2 ·H 2 O 20 g/L) and deionized water in turn, the actived BMG rod was hanged in the bath without contacting the wall of the container, plating for about 1 h at a temperature of about 80 4 Na 0.1 g/L, and Na 2 MoO 4 0.1 g/L. The pH value of the bath was adjusted to 9.0 by a pH meter (PHS-3CB; Shanghai Yueping Scientific Instrument Co., Ltd., Shanghai, China), using saturated sodium hydroxide solution. The surface morphology, interface microstructure and chemical composition of the coating were examined by a scanning electron microscope (SEM, Hitachi S-4800; Hitachi, Tokyo, Japan) and an energy dispersive spectrometer (EDS; EDAX, Mahwah, NJ, USA). The phase structure of the coating was investigated by an XRD (Bruker D8 Advance; Bruker, Karlsruhe, Baden-Württemberg, Germany) at a scanning rate of 8 • /min. 
Compression Test
The Ni-coated rod was cut into compression samples by a slow diamond cutting machine (SYJ120; Shenyang Kejing Auto-instrument Co., Ltd., Shenyang, China). The speed of the cutter was set to 90 rpm, using special coolant for lubrication and cooling to avoid excessive damage of the coating. For each compression sample, the length was cut as longer than 4 mm, ensursing that the ratio of height and diameter is over about 2:1, in agreement with ASTM E9-89a. The quasi-static compression tests were performed on an electronic universal testing machine (WDW-10KN; Jilin Guanteng Automation Technology Co., Ltd., Changchun, China), with a deformation rate of 0.05 mm/min. The fractue surface and the side surface of the deformed samples were analyzed by SEM (Hitachi S-4800; Hitachi, Tokyo, Japan). Figure 2a shows the layered structure of the electroless coating on the surface of the as-cast Ti 37.31 Zr 22.75 Be 25.48 Fe 5.46 Cu 9 BMG rod. The picture is taken from a region near the cross-section surface produced by the cutting. The fracture surface of the coating is artificially made by using a horseshoe knife. It is found that the coating has two layers, in which the outer layer is thicker. Figure 2b shows the surface morphology of the outer coating, it can be clearly seen that there are many particle-like materials on the surface of the BMG rod, covering the scratches that are induced by the grinding treatment. The size of the bigger particles in the coating shown in Figure 2b is about~2 µm, and the size of the smaller particles is about 500 nm, as shown in Figure 2c . In addition, the thickness of the inner coating is relatively smaller than the outer coating and the coating is adhesive to the surface of BMG rod, even after removing the outer coating. It is suggested that the bonding between the inner layer and the BMG substrate might is strong. Figure 2d also shows the surface morphology of the inner coating, revealing that the size of the particles in the inner coating is about 100 nm, very smaller than that of outer coating. Therefore, it is demonstrated that the coated alloy has very fine grains. Figure 3a shows a typical cross-sectional image of the electroless plated BMG sample, from which the thickness of the coating can be measured as~10 µm. This cross-sectional surface is actually the kerf produced by the diamond saw, showing that the cutting process did not make the coating peel off from the BMG rod. Moreover, there is no obvious gap between the coating and the BMG substrate. Therefore, in our opinion, it is implied that the adhesive bonding strength between the coating and the BMG substrate might is good. In order to analyze the element distribution on the coating, a line EDS scanning is performed along the white line that is marked in Figure 3a , and the result is shown in Figure 3b . Within the range of the coating, the intensity of the EDS spectrum of Ni is significantly higher than that in the other ranges, indicating that the coating is rich in Ni. The high Ni-content range is about 10 µm, in agreement with the thickness of the Ni coating, as shown in Figures 2a and 3a . Since line EDS scanning cannot provide the detailed composition information, point EDS testing performed on the coating (Red cross marked by C) and the BMG matrix (Red cross marked by D) is carried out and the results are shown in Figure 3c ,d, respectively. It is obvious that the matrix contains no P and almost no Ni, and the coating contains certain amounts of Ni and P. Therefore, the prepared electroless coating actually is a Ni-P coating. In addition, the intensity of the O spectrum in the coating and the substrate range almost has no change, showing that the coating contains a low amount of O. Figure 4 shows the XRD spectrum that is performed on the surface of the coated BMG sample, when compared with the non-coated BMG sample. Before electroless Ni-plating, the XRD spectrum of the BMG rod has the typical features of amorphous materials, that is, there is no sharp diffraction peaks corresponding to any crystalline phase and only a diffuse peak at 2θ of 35~42 • , similar to the previous work [12] . After the electroless Ni-plating, the diffuse emission peak of the original amorphous alloy is almost invisible, replaced by three diffraction peaks corresponding to crystalline Ni. It is suggested that the test surface mainly is composed of crystalline Ni and the BMG substrates cannot be detected, implying that the BMG sample has been well-covered by the Ni coating. It is worth noting that the diffraction peaks of crystalline Ni coating have a large value of width. According to Scherrer equation:
Results
Preparation of Electroless Ni Coating
where D is the average size of particles/grains, λ is the wavelength of the used X-ray, β is the full width at half maximum (FWHM) of the peak, and θ is incident angle of the X-ray. By substituting the relevant data measured from the XRD spectrum into Equation (1), the size of the Ni-P particle is calculated to bẽ 122 nm, which is smaller than the results, as observed in Figure 2 . When considering that the calculation using Scherrer equation usually shows a large error, the present result is reasonable and consistent with the experimental observation. It is interesting that the Ni-P coating is a crystalline coating, while not an amorphous one. It can be attributed to the addition of MoO 4 2− in the bath, which makes the reaction turn complicated.
The introduction of Mo also changes the chemical composition of the deposited coating, as shown in Figure 3c , reducing the GFA of the alloy and resulting in the formation of crystalline phase instead of amorphous phase. In addition, the addition of MoO 4 2− is also responsible for the grain refinement of the coating. The mixing of MoO 4 2− in the bath decreases the growth rate of the Ni-P particles, leading to a fine grain structure [36] . Figure 4 . The X-ray diffractometer (XRD) spectra of the Ti-based BMG rod before and after electroless Ni plating.
Effect of Ni-Coating on the Mechanical
Behavior of Ti-Based BMG Figure 5 displays the compression stress-strain curves of the as-cast and coated BMG samples, respectively. Mechanical properties, including the yield strength σ 0.2 , fracture strength σ y , plastic strain ε p , and elastic modulus E are measured from the stress-strain curves and listed in Table 1 . For the as-cast samples, the measured values of σ 0.2 , σ y , ε p and E are in accordance with the earlier work [12] . For the coated samples, the measured value of σ 0.2 and σ y , are decreased about 50 MPa, nearly 2.5% of the total strength. It can be attributed to the enlarged diameters caused by the presence of the Ni-coating with a thickness of about 10 µm, resulting in the measured diameter values for calculation of the engineering stresses to be increased by about 1%. For the E values that are obtained from the curves, there is no obvious change before and after the electroless plating.
Although the E values that are measured from the compression stress-stain curves are not accurate than the directly tested ones by ultrasound method. In consideration of the same test condition used for all samples, the E data shown in Table 1 are valuable for comparing the difference between the coated and un-coated samples. At least, it is suggested that the stiffness of the Ti-based BMGs is not obviously affected (or does not turn worse) by the Ni-coating on the surface. For plastic strain, the measured ε p value of the as-cast sample is about 0.33 ± 0.28%, comparable to that in the earlier work [12] . After electroless plating, the coated sample has an improved ε p of 3.70 ± 0.62%, with an increment of 1100%. Therefore, the effect of electroless Ni coating on the plastic deformation capability is significant. Figure 6 shows the side-view image of the ruptured Ni-coated BMG sample with a ε p value of 4.3%. In general, Ti-based BMG samples are broken in half after compression. Figure 6a shows the overall image of the bottom part of the ruptured sample, in which the fracture angle is about 45 • . On the side of the fracture sample, most of the coating has been peeled off, instead by many shear bands, as shown in Figure 6b . The primary shear bands are distributed along the fracture angle in the 45 • directions, while the secondary shear bands display in the other directions. In fact, the shear bands observed in the side as shown in Figure 6 are the shear steps caused by shear banding. The formation of the shear steps performs a large peeling force and makes the coating separate from the sample. However, in local areas of the sample, some residual Ni-coating can be observed as adhering to the BMG sample, as marked by the white arrows in Figure 6c ,d. Although the residual coatings have been sheared off and penetrated by the shear steps marked by yellow arrows, they still remain being attached to the substrate, indicating that the coatings are very tightly bonded to the substrate. In addition, it is interesting that there are a number of circular spots on the residual coating, with a diameter of~5 µm. The composition of the spotted region is similar with that of BMG rod (examined by EDS, the results are not shown here), demonstrating that the spots actually are the parts of the BMG substrate, due to the exposure that is caused by the partially peeling off of the Ni-coating. It is worth to note that the size of the spots is nearly three times bigger than the average size of the Ni particles in the outer coating as shown in Figure 2b . If the spots are taken as the marks of the individual Ni particles/grains to be peeled off, it indicates that there must be certain amount of Ni particles with a size of 5 µm or more in the as-plated electroless Ni coating. Figure 7 shows the fracture surface images of typical Ni-coated BMG sample, taking from the upper part of the ruptured sample with ε p = 4.3%. There is a cast pore on the middle region of the fracture surface. In general, cast pores can affect the plastic deformation behavior of the sample, resulting in the reduced plastic strains [35] . However, the coated BMG sample still has a high plastic strain value of up to 4.3%, which can be related to the presence of the Ni-coating. Figure 7b shows a high magnification image of the rectangular region that is marked by A, as shown in Figure 7a . It can be clearly seen that region A is in the edge of the fracture surface and there is a light gray layer with a thickness of about 1 µm on the side of the ruptured sample. Figure 7d shows the EDS spectrum that was performed on the red cross marked by C, as shown in Figure 7b . The Ni and P peak are obviously higher than the others, demonstrating that the light gray layer is rich in Ni and P. Moreover, the quantitative test results for different elements, as shown in the inset of Figure 7d are similar with that of as-plating coating as shown in the inset of Figure 3c . Therefore, it is suggested that the light gray layer is the residual Ni coating, remaining on the surface after the peeling off of the main Ni-coating from the BMG rod during the compression deformation. In addition, typical vein-like pattern can be observed on the smooth fracture surface, as shown in Figure 7c , which is the high-magnification image taking on the region B as marked in Figure 7a . The width and length of the vein unit are well consistent with that of the non-coated BMG sample has been shown in the earlier work elsewhere [12] . It is suggested that the shear banding and fracture behavior of the Ni-coated BMG sample is similar with the as-cast BMG sample, showing typical features of sticky-slip movement [37, 38] .
Discussion
Role of Thin Ni-Coating on the Shear Banding and Fracture Behavior of Ti-Based BMG
The plastic deformation of BMGs depends on the shear band nucleation and the shear band propagation, and a great amount of shear bands can induce homogenously plastic deformation [25, 39] . Normally, the primary shear band nucleates starting at the surface of BMG samples and rapidly propagates to the inside [40] , resulting in no further shear banding elsewhere inside the BMG sample. Since surface defects often induce great stress concentrations, the shear band nucleation tends to occur at a nominal stress much lower than the yield strength of the BMG. In addition, if the propagation of the premature shear bands cannot be suppressed in time, the shear banding will rapidly penetrate the entire sample, achieving highly localized plastic deformation [41] .
The role of electroless thin Ni-coating on the deformation behavior of coated BMG lies in two aspects. On the one hand, the presence of the thin Ni-coating reduces the degree of stress concentrations that are caused by bigger surface defects, according to the finite element simulation analysis results, as shown elsewhere in [24] . It is known that the growth of electroless plating coating is generally preferred to the local surface with high surface energy, i.e., on the surface defects. Therefore, the growth of the electroless plating coating itself actually is a selective modification on the surface defects. It is beneficial to limit the localized shear band nucleation upon the bigger defect in the initial stage of the deformation. Furthermore, as the applied load is increased, the surface stresses in different region of the coated BMG sample can simultaneously increase to the critical value to stimulate the uniform nucleation of shear bands. As a result, the multiple shear bands are formed on the surface of the coated BMG sample as shown in Figure 6 . On the other hand, the presence of Ni coating can suppress the fast propagation of shear bands. In compression deformation, the surface of the sample usually has a lateral expansion, and the tensile expansion stress on the surface can be released by the formation of shear steps. The Ni coating can limit the lateral expansion deformation, delaying the formation of shear steps and making the primary shear surface be curved. From the overall image Figure 7a , it can be clearly observed that the fracture surface is not a single plane, but a curved surface that is composed by several smaller planes. It indicates that there are multiple shear planes inside the sample as it fractures. Or the primary shear surface is curved before the catastrophic failure, due to the geometric constrain applied by the Ni coating. Then, the local plastic deformation is transformed into the whole plastic deformation, under the combined action of the excitation of multiple shear band nucleation and the deflection shear propagation behavior by geometrical restriction.
Peeling Mechnsium of the Ni-Coating
For electroless plating, the roughening pretreatment is an important process to control the microstructure and properties of the coating. The roughening treatment usually is a corrosion process of the surface to be plated. Since Ti-based BMGs are corrosion-resistant metal materials [6, 7] , it is relatively hard to uniformly etch the surface of Ti-based BMGs. If the roughening process itself is not uniform, later, the growth of the coating also is inhomogeneous, which might cause the formation of some large Ni particles. In our opinion, the large Ni particles tend to form tensile stress at the interface between the Ni coating and the BMG substrate, as shown in Figure 8 . In the early stage of the electroless plating, the Ni particles mainly grow up depending on the Pd atoms that are attached on the BMG surface during the activation treatment. Since the earlier roughening is inhomogeneous, the sensitization-activation is also inhomogeneous and the Pd atoms are unevenly distributed on the BMG substrate. The region without Pd atoms will be covered by the lateral growth of the neighbor Ni nuclei, and will therefore cause abnormal growth of localized Ni particles. In addition, the growth of Ni particles along the direction perpendicular to the substrate is also not uniform. Some of the Ni particles grow faster than the others, leading to the formation of abnormally grown Ni particles (as shown in Figure 2b , several Ni particles have grown to~2 µm). Moreover, as the abnormal Ni particle continues to grow up, the interface between the fast growing Ni particle and the surrounding particles (Ni/Ni interface) will generate an increasingly tensile stress, reversed to the bonding force between the Ni particle and the BMG substrate (Ni/BMG interface). If the tensile stress is beyond the Ni/BMG bonding force, it will stimulate the formation of cracks at the Ni/BMG interface, resulting in the peeling off of the Ni coating. Therefore, avoiding the formation of abnormal grown Ni particles is beneficial for improving the Ni/BMG bonding force. Furthermore, ultrafine coating has good toughness and is helpful to improve the geometric constraint effect of the coating. When compared with the coarser coating, finer coating has a higher amount of grains being oriented in such a manner that sliding systems can be activated, thus improving the ductility and the geometric constrain ability of the coating.
It is suggested that, for electroless nickel plating, improving the binding force between the coating and the substrate has a better geometric restriction effect than such strategy that simply increase the thickness of the coating. In future work, the studies on improving the bonding force between the Ni coating and the Ti-based BMG should be carried out. It is an important research direction to prepare a transition layer that has a stronger binding force with Ti-based BMG matrix. In addition, common methods for grain refinement and composition adjustment still require further study to find the best processing parameters based on Ti-based BMGs.
Conclusions
In the present work, the traditional electroless Ni plating is introduced to the study on plasticity improvement of Ti-based BMGs at room temperature. It is found that a two-layered thin crystalline Ni coating can be prepared on the surface of mechanically ground Ti 37.31 Zr 22.75 Be 25.48 Fe 5.46 Cu 9 BMG, following the process route proposed in the experiment. The thickness of the outer layer of the Ni coating is about 10 µm and the grain size is between~500 nm to~5 µm; the thickness of the inner layer is only about 1 µm with a grain size of about 100 nm. The coating causes the formation of a number of shear bands on the surface of the deformed sample, indicating that the coating can availably limits the shear band propagation and effectively stimulates the shear band nucleation. As a result, the plastic strain of the Ti-based BMG is significantly improved from 0.3% to 3.7%, with an increase of over 1100%. Most of the coating is peeled off from the substrate after the rupture, which can be attributed to the structural inhomogeneity of the Ni coating. Abnormally coarse Ni particles induce an increasing tensile stress between the Ni coating and the BMG substrate, resulting in the peeling off of the coating. It is suggested that, for electroless nickel plating, improving the adhesive bonding strength between the coating and the substrate has a better geometric restriction effect than by simply increasing the thickness. In the future work, further studies on grain refinement and transition layer are needed to improve the bonding strength of electroless Ni coatings and Ti-based BMGs.
